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Twin-Signal-Recycling (TSR) builds on the resonance doublet of two optically coupled cavities and efficiently
enhances the sensitivity of an interferometer at a dedicated signal frequency. We report on the first experi-
mental realization of a Twin-Signal-Recycling Michelson interferometer and also its broadband enhancement
by squeezed light injection. The complete setup was stably locked and a broadband quantum noise reduction
of the interferometers shot noise by a factor of up to 4 dB was demonstrated. The system was characterized
by measuring its quantum noise spectra for several tunings of the TSR cavities. We found good agreement
between the experimental results and numerical simulations. c© 2018 Optical Society of America
OCIS codes: 120.3180, 270.6570
Advanced laser interferometers use optical resonators
in order to improve the signal to quantum noise ratio.
All current interferometric gravitational wave detectors
LIGO, TAMA, VIRGO, and GEO600 apply the tech-
nique of power-recycling (PR) which uses a mirror be-
tween the laser source and the interferometer’s central
beam splitter in order to resonantly enhance the circu-
lating laser power. The GEO600 detector topology also
incorporates an additional mirror in the detection port,
which retro-reflects the signal fields back into the in-
terferometer. The microscopic position of this so-called
signal-recycling (SR) mirror determines what signal fre-
quencies get resonantly enhanced. For an overview we
refer to [1].
A modulation signal at the frequency ω produces an
upper sideband field at ω0 + ω and a lower sideband
field at ω0 − ω where ω0 is the light frequency of the
laser source. Thus, if the recycling frequency is higher
than the bandwidth of the SR cavity, only the upper or
the lower sideband field can be enhanced whereas the
counterpart is suppressed, thereby loosing half of the
maximum signal. A completely independent approach to
improve the signal to quantum noise ratio of a laser in-
terferometer is the injection of squeezed states of light
into the dark signal port of the interferometer [2–4]. It
was demonstrated that this technique is compatible with
power-recycling [5]. However, for the case of single side-
band SR, it turns out that the squeezing angle is rotated
by the SR cavity and no broadband quantum noise re-
duction is achievable with injected fields of an ordinary
white squeezing spectrum. Harms et al. [6] showed that
this problem can be solved by adding a Fabry-Perot filter
cavity to the interferometer set-up with cavity parame-
ters identical to the SR cavity. The broadband reduction
of shot noise in a Michelson interferometer with single
sideband SR plus an additional filter cavity was then
successfully demonstrated in [7]. Recently, we have the-
oretically shown that an interferometer topology exists
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that, firstly, is able to resonantly enhance both, the up-
per and lower sidebands of a dedicated signal frequency
band, and secondly does not require an additional fil-
ter cavity for a broadband squeezing enhancement [8].
This topology builds on the resonance doublet of two
optically coupled TSR cavities and was therefore termed
Twin-Signal-Recycling (TSR).
In this Letter we report on the first experimental realiza-
tion of a squeezed light enhanced TSR interferometer.
The experimental setup is illustrated in Fig. 1. The
main laser source was a Nd:YAG non-planar ring oscil-
lator with a continuous-wave single-mode output power
1
of up to 2W at 1064nm. The laser beam was transmitted
through a ring resonator providing spatial and high fre-
quency amplitude and phase noise filtering. A major part
of the laser power was frequency doubled in a non-linear
resonator; details can be found in [9]. About 1.5mW of
the filtered beam at the fundamental frequency served
as local oscillator beam for homodyne detection.
Approximately 35mW s-polarized light was injected into
the TSR Michelson interferometer through the power-
recycling mirror (PRM). The PRM had a power re-
flectance of 90% and, together with the interferome-
ters end mirrors having a reflectance of 99.92%, formed
the carrier resonating power-recycling cavity (PRC). The
length of the PRC was approximately 1.21m correspond-
ing to a free spectral range of 123.6MHz . Its finesse was
measured to 60 leading to a bandwidth of about 2MHz
when the interferometer was locked to a dark fringe at
the signal output port. The PRC length, the interferom-
eter dark port, and the TSR cavities lengths were stabi-
lized by RF-modulation/demodulation schemes and by
piezo-actuation of mirror positions. For this purpose the
35mW s-polarized interferometer input beam was phase
modulated at 15MHz as well as 125.6MHz and accom-
panied by a 10mW p-polarized beam of the same fre-
quency carrying the same two phase modulations. The
error signal for the PRC length control was gained from
the 15MHz modulation on the s-polarized light reflected
from the PR cavity (PDPRC in Fig. 1). The Michelson
interferometer dark fringe error signal was derived from
the 125.6MHz modulation on the p-polarization (PDMI)
detected behind a PBS placed between the interferome-
ter beam splitter and the SRM in order to decouple the
polarization modes. The length control of the two cou-
pled TSR cavities built by the end mirrors, the SRM and
the TSRM utilized the sidebands at 125.6MHz in the s-
polarization detected in reflexion of the PRM (PDSRC)
and in transmission of one end mirror (PDTSRC), re-
spectively. Since the sidebands at 125.6MHz were within
the bandwidth of the PRC and were thus enhanced, an
interferometer arm length difference of 7mm was suf-
ficient to obtain proper error signals for the positions
of SRM and TSRM. The optical length of the cavity
built by SRM and the end mirrors was approximately
1.19m, the length of the resonator formed by the SRM
and the TSRM was about 1.26m. With the SRM power
reflectance of 90% this leads to an expected frequency
splitting of approximately 6.1MHz.
Another 15mW of the filtered main laser beam were used
for length control of the squeezed light source cavity (not
shown in Fig. 1). The squeezed light source used type I
optical parametric amplification (OPA) and was real-
ized as a single-ended standing-wave nonlinear resonator
formed by two mirrors and a PPKTP-crystal, similar to
the source described in [9]. The squeezed light source was
pumped by 450mW of 532nm radiation and provided a
dim amplitude squeezed field of approximately 45µW at
1064nm. The squeezed field passed a combination of a
polarizing beam splitter, a λ/2-plate and Faraday rota-
-6
-4
-2
 0
 2
 4
 6
 8
 10
 12
 14
 16
 4  5  6  7  8  9  10  11  12  13
N
oi
se
 p
ow
er
, n
or
m
al
ize
d 
[dB
]
Frequency [MHz]
shot noise
(a) (b)
(c) (d)
(e)(f)
(g)
(h)
(i) (j)
(k) (l)
(m)(n)
anti-squeezed noise
squeezed noise
Fig. 2. (Color online) Comparison of measured and sim-
ulated quantum noise spectra of the squeezing enhanced
TSR interferometer at suboptimal OPs: Simulated and
measured anti-squeezing spectra (a,b) as well as simu-
lated and measured squeezing spectra (c,d) when the
TSR interferometer was tuned to anti-resonance. (e) -
(n) Simulated and measured spectra when the TSR cav-
ities were locked close to but not at the optimum OP.
tor, and was matched to the interferometer mode with a
visibility of greater than 99%. Since the TSR interferom-
eter was locked at its dark signal port, the squeezed field
was reflected by the interferometer and, due to the po-
larizing optics mentioned before, was found in the inter-
ferometer signal output spatial mode [5]. This combined
mode was matched to the local oscillator beam of the
homodyne detector with a measured visibility of about
95%.
Fig. 2 shows quantum noise spectra of the TSR in-
terferometer for different suboptimal tunings of the
TSR cavities. Curves (a) to (d) provide upper and
lower bound references and represent the noise spec-
tra with strong under-coupling to the TSR cavities. For
these measurements these coupled cavities were on anti-
resonance. For all the other curves in Fig. 2 the TSR
cavities lengths were close to, but not at to the optimum
operation point (OP) and therefore produced dispersion
and a frequency dependent rotation of the squeezing el-
lipse. The noise spectra for the optimum OP of the TSR
cavities are shown in Fig. 3 providing the lowest quan-
tum noise floor for a strong coupling to the TSR cav-
ities. The optimum OP is realized if the detunings of
the two TSR cavities are such that the resonances of
upper and lower sidebands are arranged symmetrically
around the carrier frequency. Only in this case no dis-
persion is produced by the TSR cavities, the squeezing
ellipse is not rotated, and a broadband shot noise re-
duction from frequency independent squeezed light in-
jection is achieved, as proposed in [8]. Starting with the
interferometer stabilized at suboptimal tunings, the op-
timum OP was reached by smoothly adjusting the offsets
of the error signals for SRM and TSRM. As illustrated in
Fig. 3 the resonance peaks were brought together until
2
-6
-4
-2
 0
 2
 4
 6
 8
 10
 12
 14
 16
 4  5  6  7  8  9  10  11  12  13
N
oi
se
 p
ow
er
, n
or
m
al
ize
d 
[dB
]
Frequency [MHz]
shot noise
(a) (b)
(c) (d) (e)
(f)(Step 4)
(Step 1)
(Step 2)
(Step 3)
anti-squeezed noise
squeezed noise
Fig. 3. (Color online) Measured (f) and simulated (e)
broadband squeezing of quantum noise in the TSR in-
terferometer achieved at the optimum OP. (a) - (d) See
caption of Fig. 2
the rotation into the anti-squeezed quadrature vanished.
The remaining bump at approximately 6.1MHz arises
not from quadrature rotation but from losses inside the
interferometer. Notice, that the squeezing is just affected
by interferometer losses at sideband frequencies fulfilling
the resonance condition of the coupled TSR resonators
and thus entering the interferometer. Hence from this
measurement the frequency splitting can be deduced to
approximately 6.1MHz which agrees with the TSR pa-
rameters.
The smooth lines in Fig. 2 and Fig. 3 represent our nu-
merical simulations which are based on the mirror reflec-
tivities, macroscopic cavity lengths, cavity detunings, op-
tical loss and the homodyne angle. The cavity detunings
for each measurement were derived from the resonance
frequencies in the noise spectra. The values for the homo-
dyne angle and for the optical loss due to an interferom-
eter dark port offset were then fitted, and were found to
match the results of independent measurements within
their uncertainties. For the experimental data shown in
Fig. 2 the uncertainty for the actual homodyne angles
were untypical high, for two reasons. Firstly, the quadra-
ture angle could not be determined by simply minimiz-
ing the squeezed noise variance in Fig. 2 because of the
quadrature rotation and frequency dependent quantum
noise. Secondly, when varying the TSR cavities detun-
ings the mode degeneracy and therefore the power in
residual transversal higher order modes caused an off-
set change of the homodyne quadrature error signal. For
this reason the homodyne angle also varied from trace to
trace in Fig. 2. For the simulations of curves (i) and (k)
we used detection angles of 9 and 12.6 degrees, respec-
tively, and detection angles between 0 and 1.4 degrees
for all other curves. The optical loss of the interferome-
ter was also dependent on the cavity detunings. Firstly,
the error signals for the length control of the two TSR
cavities and the PR cavity coupled with the error sig-
nal of the dark port control. Notice, that an offset from
the perfect dark port condition increases the loss on the
squeezed states. Secondly, the changes in the degener-
acy with higher order transversal modes changed the
strength of the according loss channels. The simulation
in Fig. 2 is based on values for the loss inside the TSR
interferometer in a range from 0.4 to 3.9%.
In contrast to Fig. 2, the simulation for the optimum OP
shown in Fig. 3 was not based on any fitting. Here, the
homodyne quadrature angle could easily be optimized
and precisely locked to zero degrees by minimizing the
noise floor. Spatial mode degeneracy was not observed
and the dark port condition could be realized by mini-
mizing the loss peak. The remaining loss corresponded
to the minimum loss in our setup of 0.4% which was
given by the transmittivities of the end mirrors and non
perfect anti-reflection coatings of the cavity mirrors and
beam splitters.
In summary, we experimentally demonstrated that an
interferometer with Twin-Signal-Recycling (TSR) and
properly chosen detunings of its two coupled cavities
shows a broadband quantum noise reduction from the
injection of non-classical field with an white squeez-
ing spectrum. All longitudinal degrees of freedom were
electronically stabilized by modulation/demodulation
schemes. The TSR interferometer was analyzed by
measuring the quantum noise spectrum for several of its
OPs. Our results are in good agreement with numerical
simulations. Since the squeezing enhanced TSR inter-
ferometer is also able to resonantly enhance both, upper
and lower signal sideband fields, it is favorable compared
with the corresponding single sideband conventional SR
interferometer and might find applications where high,
narrow-band sensitivities are required.
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